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ABSTRACT

Luminescence spectia, both emission and excitation, and the excitation dependence of the resonance
Raman (RR) spectra have been measured for a 1-dimensional charge-density-wave solid,
(PUL)2C12][PtL)2](Cl04)4 ; L=1, 2-diaminocthane. The luminescence experiments support the existence
of wail states in the band gap region, which indicate the presence of disorder. In contrast, the RR
measurements conclusively demonstrate that the effects of static structural disorder on the vibrational
spectroscopy can be neglected. This apparenily paradoxical result can be explained by considering the
zero-point motion of the lattice. Our experimental results are compared o recent theoretical models.

L INTRODUCTION

It has been known for some time that the zero-point motion in trans--polyacetylene (PA) is
comparable to the Peierls distortion.[1] In a recent paper, this has been pointzd oul Lo be true for a wide
range of electronically 1-dimensional (1-D) solids.[2] McKenzie and Wilkins have considered the effect of
lattice fluctuations on the density of states in the gap region in terms of a modulation of the band gap and
the assccirted disorder. They found that within the Born-Oppenheimer approximation zero-point and
thermal lattice motion can be treeted as a static random potential that will produce a finite density of
electronic states in the enzrgy gap region. McKenzic and Wilkins derived an analytical expression for the
density-of-states in the gap region. Experimentally, this will be manifcsied as an absorption tail that
extends into the gap region. Such cffocts have also been qualitatively predicted by others using
scmiclassical Monte Carlo techniques.[3] While band tail absosption is observed in PA {4) and otker 1-D
materials, it is sencrally difficult to definitively rule out static disorder (i. e. ordinary inhomogeneous
broadening) as an origin for the tail states. Resonance Raman (RR) studics have established the presence
of static structural disorder in PA, making inhomogencous broadening a strong candidate for the origin of
the tall states obscrved in this matcrial.{3] We present here the results of optical studies on a 1-D metal-
halogen-mixed-valeuce (MX) solid — [PI(LY2][PY(L)2C121(Cl04) : L=1, 2-diaminocthane, (hereafter
abbreviated "PtC1"). The results cnable us to establish that static disorder has negligible cffects on the



electronic states for this material. The results are in accord with the possibility that the observed tand tail
states result from lattice fluctuations.

The MX class of materials are 1-D crystailine solids composed of chains of alternating transition
metal and halide ions.[6] These systems typically display a commensurate charge density wave (CDW) on
the metal ions, accompanied by a Peierls distortion of the halide sub latiice, and are of particular imerest for
the extreme tunability (chemically and structurally) of their e-e and e-phonon couplings and thus CDW
strengths. They have been successfully modeled using a 3/4-filled, 2-band Peieris Hubbard Hamiltonian
which bears intriguing similarities 10 those appropriate for other clectronically low-dimensional solids
in.luding the high-T¢ oxide superconductors.[7] For these reasons, these materials have been the subject of
significant experimental investigation.[8-20)

The strength of the CDW can be electronically controlled by varying the bridging halide and the
metal ion and can be structurally coniroiled by the choice of ligands and counterions.(9,10,11] A three-
dimensional template is formed by the ligand group and the counterion which controls the structure of the
soft MX chain axis. By varying the ligand or the counter ion the strength of the CDW can be tunad through
systematic variation of the Pt--Pt spacing along the chain axis.[11] We have employed this structural
template effect to correlate various measures of CDW strength (the Raman chain mode frequency, the band
edge, the Pt--Pt scparation, and the ratio of short to fong Pt-X bond lengths).

2. EXFERIMENTAL
The crystals were grown using previously published methods.[10] The lumince:cence spectra were
collected with a SPEX flourimeter outfitted with an IR sensitive PMT and gratings blazed for 1000 nm,
The data has been corrected for the spectral response of the PMT. Raman measurements were performed
using Ti:sapphire, HeNe and Ar* lasers and previously described CCD array and PM1' detection
schemes.[18] To avoid lascr heating of the sample, laser power was lowered until no heating effects were
observed in the Raman sprctra,

3. RESULTS AND DISCUSSION

The luminescence cxcitation spectra shows a dramatic temperature dependence, Fig. 1. The
luminescence excitation edge broadens significantly, as the emperature is increased. Furthermore, even at
low temperaturcs, a tail is obscrved in the excitation profike for energics lower than approximately 2.36 ¢V
or 525 nm. Direst absorption measurements in the band tail region show a similar temperature
dependence.[16] For a static 1-dimensional lattice, one would cxpect an inverse square root divergence of
the absorption above and no absorption below the band edge. It is reasonable to conclude that the band
cdge is smearcd out by some kind of disorder.
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Fig. 1: Excitation Spectra at 10K (solid) and 200K (dots) for PtCl. A low energy taii is cicarly
observed, even at low temperature.  As the temperature is raised, the band edge broadens significantly.

To determine o what extent structural inhomogeneities could be present in our crysials, we have

performed RR racasurements with excitation energies throughout the band gap and band tail region, from
1.96 eV 10 2 71 eV, carefully monitoring the V1 frequency &s a function of excitation energy. As

mentioned ahove, the symmetric haiide streiching mode, V1 is a quantitative measure of the CDW strength,

and is directly correlated with the gap energy.[16] This monotonic correlation is expected for a Peiceris
distorted system.[21] Therefore any kiad of static structural disorder (strains, vacancies, interstials, etc.)
coupled to the CD'W would be manifested by shifts in the V1 frequency s the Raman excitation comes into
resonance ‘with various local environments as it is tuned through the band edge region. We have
performed this experisnent on a varicty of PtCl samples, at temperatures from 15K 1o 300K, on two scparate
spectrometers, both with natural C! isotopic abundance and with isotopicaily pure 35¢1, and no measurable
excitation encrgy dependence was found. (9,17, 20)® Thus it is clear that static structural disorder has no
significant cffect on the electronic or vibrational spectra of our samples. These results are in dimnatic
contrast to thc RR of PA.[S]

a Early studics by Kurita e al. and Clark ct al. did show a dependeice of the vy fregency on
~xcitation cnergy, which would be consistent with poor quality crystals with large inhomogencities.



We believe that lattice fluctuations are the origin of the tail states seen in our luminescence
experiments. Because of the lack of siructurai disorder, MX solids provide a good testing ground for the
theory of McKenzie and Wilkins. They predict that as the temperature is increased the density of states in
the gap will increase and will produce a large broadening in the absorption band edge. This is totally
consistent with what we see experimentally. Furthermore, McKenzie and Wilkins note that these band tail
states should be localized. A detailed comparison with the theory of McKenzie and Wilkins will be
presented in a future paper.{20]

The effective disorder caused by zero-point lattice fluctuations is distingu’shed from ordinary
static disorder in that only the electronic states are modulated by zero-point lattice motion. The vibrational
transition encrgies are perfectly defined.  This is consistent with the previously discussed Raman
spectroscopy. Electronic spectroscopy is sensitive 10 zero-point motion effects because vertical transitions
occur on much faster time scales and are therefore sensitive to modulations of the hand gap due w
bendiength disorder.

The excitation dependence of the luminescence also supports the existence of localized tail states
below the band edge. At low icmperatures, the luminescence from excitation into the tail of the PiCl band
gap is clearly red shifted with respect to luminescence that originates from excitation into the band gap or
above, Fig. 2. Attemperatures above 200 K, the excitation encrgy dependence of the lumincscence
emission profilc disappears, data not shown. At higher temperatures, the excitation dependence disappears
because the relaxation rate from the band to the localized tail states increases sufficiently so that all
luminescence originates from the lowest lyi.g excited electronic states. Previously, a small excitalion
dependence of the luminescence from PICI was described in terms of a series Wannicr excitons.[15] We
have found no excitation dependence of the luminescence in the IVCT region, and these experiments did
not examine the lumincscence from the band tail states.

Physically the zero-point lattice fluctuations induce a serics of localized clectronic states below the
band cdge. The obscrved ercitation dependence of the luminescence suggests that the photo-excitation
dynamics of these systems involve non-adiabatic transitions between the band and the localized tail states.
Typically theoretical modceling of the photocxcitation dynamics for low dimensional systems has included
only the adiabatic rclaxation of the lattice around the initially produced clectron-hole peir or charge-transfer
exciton. Our experiments indicate that non-adiabatic transitions must be included in the simulations of the
excited statc dynamics in low dimensional CDW solids.[7) Time-resolved spectroscopy should yicld

important information about these relaxation processes.
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Fig. 2: Excitation dependence of the PtCl luminescence at 20 K. When the band Lail states are
excited, the luminescence is strongly red shifted.

4, SUMMARY
The experimental results reported here support the existence of band tail states, reminiscent of the
Urbach ¢dge seen in semiconductors, for a 1-D CDW matcerial. Resonance Raman experiments rule out
the possibility that structural inhomogeneities are the origin of the band ails. We believe the tail states are
due 1o "disorder” originating from quantum fluctuations of the lattice and the associated modulation of the
Pcicrls cnergy gap, as predicted by McKenzie and Wilkins,[2)
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